The aim of this study was to simulate the effects of tuberculosis (TB) treatment strategies interventions in an overcrowded and poorly ventilated prison with both high (5 months) and low (3 years) turnover of inmates against improved environmental conditions. We used a deterministic transmission model to simulate the effects of treatment of latent TB infection and active TB, or the combination of both treatment strategies. Without any intervention, the TB prevalence is estimated to increase to 8.8% for a prison with low turnover of inmates but modestly stabilize at 5.8% for high-turnover prisons in a 10-year period. Reducing overcrowding from 6 to 4 inmates per housing cell and increasing the ventilation rate from 2 to 12 air changes per hour combined with any treatment strategy would further reduce the TB prevalence to as low as 0.98% for a prison with low inmate turnover.
Background
Tuberculosis (TB) has overtaken HIV infection as the number one global killer from infectious diseases, with an overall 1.7 million TB-related deaths reported in 2016, despite accessibility of TB treatment. 1 In 2016, the World Health Organization (WHO) estimated a total of 10.4 million incident TB cases globally, 10% of whom were living with HIV infection. The burden of TB is highest in the South-East Asian and African regions, which accounted for 70% of the global TB incidence in 2016. 1 In Malaysia, TB is the second most frequently reported communicable disease (after dengue fever) and is the leading cause of death from communicable disease, with a mortality rate of 5.56 per 100 000 persons. 2 In 2013, the prevalence of active TB was estimated at between 0.06% and 0.23% of the general population. 3 In recent years, Malaysia has witnessed an increase in the incidence of TB, from 65 cases per 100 000 in 2000 to 92 per 100 000 in 2016. 1 Closed settings, including prisons, present special challenges to national TB control programs. Prisons are concentrated populations of individuals at high risk of TB, such as people who use drugs and/or alcohol, the homeless, people with a history of past incarceration, and people with preexisting comorbidities. Poor environmental conditions, such as overcrowding and inadequate ventilation, and restricted access to health care services can facilitate the transmission of TB in prisons. 4, 5 The prevalence of TB is estimated to be up to 100 times higher in prisons than in the general population. 6 Recent reports from 2 Malaysian prisons have shown a very high (>80%) prevalence of latent TB infection among prisoners, irrespective of HIV status. 7, 8 A follow-up intensified case-finding survey in one of these prisons reported a high prevalence (7.7%) of previously undiagnosed active TB. 9 This prison is overcrowded and has a daily census of 4200 prisoners, operating at 120% of its maximum capacity of 3500. 8 The high burden of TB within prison poses a threat to the general population, as the disease can be transmitted to correctional staff who are in daily close contact with prisoners. Furthermore, inmates who are incarcerated for a short period of time and who do not receive adequate treatment may transmit the disease on their return to the community. 10 In a recent systematic review, a large fraction of TB cases in the general population was attributable to acquisition of TB inside prison. This has been estimated at 1 in 11 TB cases in high-income countries and 1 in 16 cases in low-/middle-income countries. 4 Another study estimated that for each 1% increase in the incarceration rate in European and Central Asian countries, there was a 0.34% increase in TB incidence in the general population. 11 Despite recent findings of high prevalence rates of both latent and active TB in Malaysian prisons, routine intensified TB screening and treatment is not currently practiced, and diagnosis of active TB remains passive. Environmental conditions, such as overcrowding and poor ventilation, further facilitate the transmission and spread of TB in these settings. The objective of this modelling study is to evaluate the impact of implementing TB treatment strategies and of improving environmental conditions in the largest Malaysian prison, considering both high (ie, average sentence length of 5 months) and low (3 years) inmate turnover rates.
Methods

Model
We constructed a deterministic population-based compartmental model of TB transmission based on previously published models. 12, 13 We simulated infection and reinfection, treatment of infectious individuals and latently infected individuals, death due to TB, natural recovery, and relapse ( Figure 1 ). Our model divides the inmate population in into 5 compartments reflecting their TB status: susceptible (S), short-term latently infected (L1), long-term latently infected (L2), infectious (I), and recovered (R). Susceptible inmates acquired TB infection following contact with an actively infectious inmate at the rate βI, where β is the transmission rate that one susceptible inmate becomes infected following contact with an infectious inmate. On exposure to infectious inmates, susceptible inmates who became infected move to the short-term, latently infected compartment (L1). A proportion ( ρ : 5% to 10%) of latently infected individuals quickly progress at a rate of σ 1 (within the first 2 years) to the infectious stage, while the majority ( ) 1− ρ progress to the long-term latent stage at a slower rate of σ 2 (within 5 years). 14 Latently infected individuals progressed to the active TB compartment at a reactivation rate of ω. Once in the active stage of the disease, inmates recovered naturally at a rate of α n or with treatment at a rate of α and moved into the recovered compartment. Infectious inmates (I) died from TB at a rate of µ 1 and recovered individuals relapsed at a rate of r. Environmental factors in prison can increase the risk of infection. Hence, inmates become reinfected and return to the L1 compartment at a rate of ( ) 1− f I β . The reinfection mechanism occurs in 2 ways: (1) reinfection of recovered-stage inmates and (2) reinfection of long-term latent-stage inmates. The parameter f represents reduced risk of infection due to acquired immunity from a previous infection. [14] [15] [16] The parameters τ 1 and τ 2 represent preventive therapy initiated during the latent stage. Inmates in our model enter and exit each state at a constant rate, Ω. Exiting arrows, which are represented as µ, are not depicted in Figure 1 . Details on the model equations and sources of data are in the Online Supplementary File (available in the online version of the article). Several model parameters (namely, transmission rate, prison entry/exit rate, recovery rates, and inmate turnover) could be determined based on Kajang Prison data. Further details of the quantification and justification of the transmission rate using the Wells-Riley equation for the modelling of airborne transmission and all sources of data used can be found in the Online Supplementary File. The initial conditions of the Susceptible and Recovered compartments were set based on observed prevalences in Kajang Prison, at 3% and 4%, respectively. In summary, the parameters transmission rate, β; rate of exit and entering prison, Ω; and the recovery rates, τ 1 , τ 2 , and α, are specific to the Malaysian setting; the remaining parameters were based on data from other countries. Further details can be found in the Online Supplementary File.
Simulation of TB Intervention Strategies
The first simulation adopted parameters reflecting the current environmental conditions of Kajang Prison (ie, overcrowded cell occupancy and poor ventilation; Table 1) , with no interventions The inmate population in a prison is divided into 5 compartments reflecting their TB status: susceptible (S), shortterm latently infected (L1), long-term latently infected (L2), infectious (I), and recovered (R). S = susceptible; L1 = short-term latently infected; L2 = long-term latently infected; I = infectious; R = recovered; β = transmission rate (per person per year); Ω = inmates turnover; µ I = TB death related; p = proportion of fast progressors; σ 1 = rate fast progressors develop infectious TB (primary progression); σ 2 = rate fast progressors move to slow progressors; ω = rate slow progressors develop infectious TB (reactivation); r = relapse; f = partial acquired immunity after primary infection for treated persons; τ 1 , τ 2 = rate of recovery under preventive therapy for fast/slow progressors; α = rate of recovery under antituberculosis treatment; α n = natural recovery.
included. We termed this Baseline-A. Then, we ran 3 sets of simulations including the following TB interventions: isoniazid preventive therapy (IPT) provided to all latently infected inmates only (Strategy 1A); anti-TB treatment (ATBT) provided to all infectious inmates only (Strategy 2A); and both ATBT and IPT provided to all infectious and latently infected inmates (Strategy 3A). We repeated these simulations by changing the overcrowding factor (reducing the occupancy of the cell from 6 inmates [3.33 m 2 of floor area per inmate] to 4 inmates per cell [5.40 m 2 of floor area per inmate]) and improving the ventilation by increasing the air changes from 2 air changes per hour (ACH) to 12 ACH (the source of these data can be found in the Online Supplementary File). These improved conditions are referred to with the suffix "-B" in Table 1 . We also repeated these simulations in a scenario where the average sentence is 3 years (vs 5 months) and refer to this scenario with the suffix "-3" in Table 1 . Uncertainty and sensitivity analyses are elaborated in the Online Supplementary File. Table 2 shows the impact of various strategies on the prevalence of active TB over a period of 10 years. Figures illustrating the various simulation strategies are available in the Online Supplementary File (Figures 1-4) .
Results
Simulation of TB Intervention Strategies
With Current Environmental Conditions. Based on the current environmental conditions, if neither IPT nor ATBT is implemented (Strategy Baseline-A), the prevalence of active TB will reach a steady state of 5.77% (95% confidence interval [CI] = 4.61-6.94) after 2 years, which is lower than the initial prevalence of 8% ( Figure 1 in the Online Supplementary File). Implementing IPT (Strategy 1A) or ATBT (Strategy 2A) would reduce the prevalence to 5.58% (95% CI = 4.60-6.72) and 3.28% (95% CI = 2.66-3.93), respectively. The combined IPT + ATBT strategy would reduce the prevalence further to 3.14% (95% CI = 2.66-3.73). In a prison with a longer average sentence (ie, lower turnover rate), without any intervention, the prevalence of active TB was estimated to be 8.80% (95% CI = 3.55-15.04; Strategy Baseline-A3; Figure 2 in the Online Supplementary File); implementation of IPT alone, ATBT alone, or IPT + ATBT in this setting would reduce the prevalence of active TB to 7.99% (Strategy 1A-3), 1.94% (Strategy 2A-3) , and 1.47% (Strategy 3A-3), respectively ( Table 2 ). The combined intervention resulted in the lowest prevalence of active TB in both the short (5 months) and long (3 years) average sentence length scenarios. Impact of Improved Environmental Conditions. In a prison setting with a high turnover of inmates (average sentence of 5 months), improving the air ventilation rate from 2 ACH to 12 ACH and reducing the occupancy rate from 6 to 4 inmates per cell resulted in a slight reduction of active TB prevalence in all simulations, with and without treatment strategies. In the absence of treatment (Improved-B), the prevalence of active TB decreased to 5.43% (95% CI = 4.60-6.38; Figure  3 in the Online Supplementary File). Introducing IPT (Strategy 1B) or ATBT (Strategy 2B) reduced the prevalence to 5.08% (95% CI = 4.55-5.66) and 3.11% (95% CI = 3.27-3.59), respectively. The combined strategy (Strategy 3B) resulted in the lowest active TB prevalence (2.92% (95% CI = 2.65-3.20). Improved environmental conditions resulted in only a minor reduction to the already low prevalence of active TB when the combined strategy was implemented (Table 2) . However, in a prison setting with a low turnover of inmates (3 years), improved environmental conditions further reduced the prevalence of active TB to 4.15% (95% CI = 2.80-6.96) with IPT alone (Strategy 1B-3) and 1.36% (95% CI = 0.73-2.16) with ATBT alone (Strategy 2B-3). The combined strategy (Strategy 3B-3) resulted in a prevalence of active TB of 0.98% (95% CI = 0.83-1.17; Figure 4 in the Online Supplementary File).
Discussion
This study simulated the impact of various TB treatment and prevention strategies and modifications to environmental factors in a prison setting with a high prevalence of active and latent TB. It also explored the impact of inmate turnover rate on prevalence rate under the different intervention strategies. Our model suggests that, regardless of inmate turnover rate, the greatest impact on the prevalence of active TB can be achieved through provision of ATBT to infectious inmates in combination with IPT for latently infected inmates, together with a reduction of overcrowding and an improvement in air ventilation rates (Strategies 3A, 3A-3, 3B, and 3B-3). Our model also suggests that providing ATBT treatment for those infected with active TB (Strategies 2A, 2A-3, 2B, and 2B-3) alone and in combination with IPT, even in the absence of environmental improvements, would significantly reduce the prevalence of active TB over a 10-year period. Implementing IPT alone would also decrease the prevalence of active TB, but to a lesser extent as compared with ATBT alone or the combined treatment strategies. Mathematical models of TB in a high prevalence setting have been used to evaluate the impact of treating active TB, 17 using preventive therapy 18, 19 and of both interventions. 13, 20, 21 However, 23 and Urrego et al, 24 investigated the impact of overcrowding and poor ventilation on TB transmission in their modelling, but their analyses were limited to new infections and did not consider disease progression. In our model, in the absence of treatment strategies, a prison with longer average sentences of 3 years (representing a low inmate turnover rate) developed a higher prevalence of active TB compared with a prison with a shorter average sentence of 5 months (high turnover rate). This finding is consistent with previous studies showing that inmates with longer sentences have a higher risk of infection because of greater exposure to infectious inmates. 25, 26 Reducing inmate overcrowding and enhancing quality of ventilation had a smaller impact on reducing TB transmission in prisons than treatment strategies. Without any treatment interventions, improvement of environmental conditions has little impact because inmates with preexisting comorbidities are still highly vulnerable to infection and thus progression to the infectious stage, and so contribute to the escalation of TB transmission. A study assessing risk factors of TB in 12 prisons in Brazil found that in a high-burden prison, the estimated time from infection to disease onset is around 180 days. 25 In prisons with longer average sentences and poor environmental conditions, latently infected inmates would have sufficient time to progress to the actively infectious stage and consequently escalate TB transmission in the prison. 25 Interestingly, our findings showed that the impact of treatment interventions is greater for prisons with longer average sentences compared with prisons with shorter average sentences. For example, when IPT + ATBT (Strategy 3) was implemented, the prevalence of TB was reduced by more than half, from 3.14% to 1.47% when the average sentence length was increased from 5 months to 3 years. Treatment strategies were less effective for prisons with shorter sentences because these prisons function as a queuing system: a prison has a maximum capacity-it is only able to hold a certain number of inmates at any point-and exiting inmates get replaced by new inmates who are at a high risk of being infectious because of the nature of this population. 26 Releasing inmates early from a prison without implementing any TB interventions for the incoming "potential" inmates could therefore contribute to increased TB prevalence in the community over time.
One of the main factors responsible for a high rate of TB transmission in prison compared with the general population is the overcrowding, which affects ventilation. 27 Our model suggests that improving ventilation and reducing cell occupancy have a notable impact on the prevalence of active TB. However, this impact is comparatively greater when a treatment strategy is concurrently introduced and when the changes are implemented in a prison with a longer average sentence. This finding concurs with a recent study in a highly endemic Brazilian prison that found that improving ventilation reduced the TB transmission risk by 38.2%. 24 However, this study differed methodologically from ours in that it applied a revised Wells-Riley equation in estimating the probability of infection in the presence of one infectious individual in a cell. Our study adopted the approach of Noakes et al, 28 which addressed the limitations of ventilation-based models of indoor airborne transmission by combining this approach with a classical SEIR epidemic model.
Our model has several limitations. We used a dynamic transmission model to project the impact of TB control strategies over time; the model assumes homogenous mixing, which is a potentially important oversimplification of the actual context. The airborne transmission model used was based on the even distribution of infectious particles in a room and does not account for how the probability of infection is modified by complexities, such as the distance between individual prisoners. Our study was based on data from a single prison and thus may not be representative of all prisons in Malaysia. Nevertheless, the overcrowded and poorly ventilated Kajang prison represents a com-mon prison setting in many low-and middle-income countries. Our model therefore may be applicable to similar prisons in Malaysia with high TB prevalence.
Although our study looked at TB control measures based on treatment of active and latent infections, we did not simulate delays in initiating screening, diagnosing, and treating TB. 22 Given the low prevalence of drug-resistance reported to date (<1%), we did not consider effects of drug-resistance and drug-sensitive strains. 29 We did not model possible IPT-related adverse events, as a systematic review found that isoniazid-induced hepatotoxicity among high-risk groups was rare. 30 Finally, in contrast to numerous prisons around the world, the HIV seroprevalence in Kajang prison is moderately low (3%). 8 We therefore did not consider the effect of HIV infection on TB. Due to the lack of local parameter estimates, the parameters for natural progression of TB disease used to inform our model additionally relied on available published studies from other countries, mainly modelling studies from developed countries in Western Europe and the United Kingdom.
Estimates from these studies may differ from those for our local, higher risk population. Previous TB modelling studies in prison in Brazil and South Africa faced similar challenges, as they had to rely on studies to estimate disease progression rates. [20] [21] [22] [23] [24] 26 Our findings should be viewed as the beginning stage for further research, while at the same time highlighting the need for and potential of immediate action to address TB transmission in prisons. Without intervention, TB prevalence will remain high and contribute to the burden of TB in the prison as well as in the general population.
Conclusions
Our model demonstrated that implementation of environmental controls combined with treatment and prevention strategies can reduce the prevalence of active TB in a crowded prison setting. However, the impact is comparatively greater for prisons with a longer average sentence duration than with shorter average sentences. Theoretically, provision of treatment should be feasible given that these individuals are confined within the prison, reducing the probability of treatment nonadherence; in reality, many prisons-particularly in low-and middle-income settings-lack even basic medical care for inmates. Our simulation results suggest that ensuring adequate treatment for those infected with TB and improvements in the environmental conditions within these closed settings can greatly reduce the burden of TB in prison and, ultimately, in the general population.
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